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Abstract
Improving the corrosion resistance of magnesium alloys has gained special focus in recent years, and cryogenic machining has been one of the 
successfully used techniques. The current study presents a sensitivity analysis of cryogenic cooling effects on process mechanics, when cutting 
AZ31B-O magnesium alloy. Finite element modelling was used to simulate orthogonal cutting of AZ31B-O under dry and cryogenic 
conditions, where different parameters (cutting forces, temperatures, shear angle, chip compression ratio and plastic deformation) were 
investigated. Also, orthogonal cutting tests were performed on a CNC lathe, under dry and cryogenic conditions, where cryogenic cooling was 
applied to the clearance side using an LN2 jet.
© 2015 The Authors. Published by Elsevier B.V.
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1. Introduction
Surface integrity is a very critical parameter in controlling 
part performance. It contributes to its mechanical strength, 
hardness, fatigue life, as well as corrosion resistance [1-3]. 
Magnesium (Mg) alloys have recently gained special attention
as good candidates for automotive and aerospace applications,
due to their relatively lightweight [1]. In addition, they are 
emerging as a strong potential material for biodegradable 
metallic implants [4,5]. However, one of the main challenges 
facing their use is their limited corrosion resistance [1,5-7]. 
Several approaches have been tried in order to improve the 
corrosion resistance of Mg alloys. This includes the use of 
different alloying elements, protective coatings and recently 
by improving the surface integrity of the component [6]. As an 
example of surface integrity improvements, grain refinement 
was proved to be effective in improving Mg alloys corrosion 
resistance [2,6,8,9], as well as their wear resistance [1] and 
fatigue life [8]. In addition, surface compressive residual 
stresses (RS) were proved to improve fatigue life [1,8] and 
corrosion resistance of different materials [1,2,6]. 
Crystallographic orientation was also found to be an important 
factor contributing to the corrosion resistance of Mg alloys 
[1,2]. It is worth mentioning that, the use of coatings is limited 
in biomedical applications due to possible adverse tissue 
reactions [5].
Machining, as a severe plastic deformation (SPD) process,
has a profound effect on surface integrity. It has been proved
to be an effective method for grain refinement; in addition, 
surface compressive RS could be induced under well-
controlled conditions [1,10]. However, the large amount of 
heat generation may have a detrimental effect on surface 
integrity, where the thickness of the grain refinement layer is 
often very thin [6,10], and the possibility of ending up by
surface compressive RS decreases [10,11]. In cryogenic 
machining, cryogenic cooling is typically applied to the 
clearance side, between the tool flank face and newly
machined surface, using a jet of liquid nitrogen (LN2). This 
lowers the temperature of the tool and workpiece, and 
consequently improves productivity and tool life [1,12], as
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well as surface integrity [6,13]. It has been also proved to 
improve the corrosion resistance of AZ31B Mg alloy [2,9].
Even though the available literature has shed some light on 
cryogenic machining of Mg alloys, with special focus on 
surface integrity [1,2,5,6,9,13-15], some details are still 
missing. In addition, the use of finite element modelling 
(FEM) for examining the effects of cryogenic cooling on the 
machining process has been very limited so far; a few 
examples could be found in [5,13,15]. Accordingly, the 
current work presents a sensitivity analysis on cryogenic 
machining of Mg alloy AZ31B-O, where the effects of 
cryogenic cooling on different machining parameters (cutting 
forces, temperatures, shear angle, chip compression ratio and
material plastic deformation) are examined. Two-dimensional 
plane strain finite element (FE) models were built, in order to 
simulate dry and cryogenic orthogonal cutting of AZ31B-O. 
For model validation, experimental orthogonal cutting tests 
were also performed, under dry and cryogenic conditions.
2. Experimental Work
Orthogonal cutting tests were performed on Mg alloy 
AZ31B-O disks (95 mm in diameter with 3 mm width), using 
uncoated cemented carbide inserts with the following 
specifications; normal rake angle of +5º, normal flank angle of 
6º, and cutting edge radius (rn) of 35 ȝm. A cutting speed of 
100 m/min along with uncut chip thickness (h) of 0.1 and 0.2 
mm was used. Testing was performed on a CNC lathe under 
dry and cryogenic cooling conditions. Cryogenic cooling was 
applied between the newly machined surface and tool flank 
face, using a jet of LN2 at -196 °C (nozzle diameter of 1 mm 
and a pressure of 2 bar). Fig. 1 shows the used experimental 
setup, where cutting forces were measured using a Kistler 
9121 dynamometer. A conventional lathe equipped with a 
quick-stop device was also used, in order to quickly disengage 
the tool and generate a surface with constant chip thickness.
Fig. 1. Experimental setup.
3. Finite Element Modelling (FEM)
3.1. General description
Two-dimensional plane strain Lagrangian FE models were 
built, using the commercial software ABAQUS/Explicit, in 
order to simulate orthogonal cutting of Mg alloy AZ31B-O, 
under dry and cryogenic conditions. Coupled temperature-
displacement analysis was used in order to allow for 
temperature-dependent material properties and heat transfer.
Fig. 2 shows the cutting model with the location of cryogenic 
cooling (clearance side) shown. Cutting conditions (speed, h,
rn, rake and flank angles) are similar to the experimental ones.
Fig. 2. Cutting model, with the location of cryogenic cooling shown.
3.2. Edge-radius (rn) effects
The effects of rn on different process parameters were 
evaluated, during dry and cryogenic machining. This was done 
by building an extra model with a sharp-edged tool (rn = 2
ȝP), in addition to the one representing the experimental rn
value (35 ȝP). It is worth mentioning that, based on the
available literature [1,3,14], rn was expected to alter the 
magnitude of results but not to change their trend. For AZ31B 
Mg alloy, Pu et al. [1] demonstrated experimentally that the 
trend of change in cutting forces, temperatures, surface 
roughness and surface RS, under dry and cryogenic
orthogonal cutting, is independent of rn.
It is important to note that, Lagrangian formulation is more 
suitable for modelling cutting with sharp-edged tools. This is 
because of the need for defining a sacrificial layer (parting 
line), which is hard to predict for honed tools. In the current 
work, the size of the sacrificial layer when rn = 35 ȝP was 
estimated based on the work presented earlier in [3].
3.3. Cryogenic cooling effects
Cryogenic cooling effects and air convection to the 
environment were modelled by defining a convection heat 
transfer coefficient (hf) and a sink temperature (Tf), for each 
case. Air convection was defined on all external surfaces, 
except those used for cryogenic cooling, with a convection 
heat transfer coefficient (hair) of 10 W/(m2 °C) [16] and Tf of 
20 °C (room temperature). Cryogenic cooling was applied to 
the clearance side, as shown in Fig. 2. The cryogenic cooling
convection coefficient (hcryo) was more difficult to be 
determined, as it depends on several factors [17]. This is why
several values can be found in the literature, varying from 2 to 
50 kW/(m2 °C) [18, 19]. Such values were estimated based on 
experimental testing or heat transfer calculations. Astakhov 
[20] proposed the following equation to estimate hcryo in metal 
cutting:
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where; b is the equivalent length (m), g is the gravitational 
acceleration (m2/s), and the remaining parameters are 
properties of the fluid, namely: vf is the velocity (m/s), kf is the 
thermal conductivity (W/m °C), Ȗf is the specific weight
(kg/m3), ȣf is the dynamic viscosity (Pa.s) and cp is the 
specific heat capacity (J/kg °C). Based on Eq. 1, the value of 
hcryo was found to be 2 kW/(m2 °C) for the current conditions.
However, different values were used for the sensitivity 
analysis, namely: 2, 20, 200 and 2000 kW/(m2 °C). A Tf value 
of -196 °C was used, representing the temperature of LN2.
During machining, hcryo was applied to the workpiece 
newly machined surface as it grows in size. This was done by 
creating sequential time-dependent virtual surfaces, along the 
newly machined surface as it grows, with hcryo assigned to 
them. Since a Lagrangian cutting model starts with no exposed 
machined surface, it was inevitable to wait certain duration 
(delay time) till an initial exposed surface is formed. In the 
current work, an initial surface with length RI  ȝP was 
assumed to be reasonable; this corresponds to a delay period 
of 6x10-5 seconds (3% of the total cutting time). It also 
represents a case where the LN2 jet cannot effectively get in
good contact with the machined surface close to the tool tip.
This could be the case especially with high cutting speeds and 
low thermal diffusivity. Heat radiation was neglected as it is 
negligible compared to conduction and convection.
3.4. Contact definitions
Surface-to-surface contact pairs were used for defining
contacts between the tool and workpiece. The tool-workpiece 
friction was modelled using the simple Coulomb model, with 
DVKHDUOLPLWRI¥03D>@The friction coefficient was 
determined experimentally using a special designed pin-on-
disk experimental setup, and found to be 0.12 under dry and 
cryogenic conditions. The pin was made of the same material
as the tool, fixed to the tool holder of a CNC lathe, and was 
sliding against a plate of AZ31B-O alloy that was fixed to the 
spindle. The pin described a spiral path over the plate at a 
constant velocity. The applied contact pressure and sliding 
speed were similar to those generated during machining. The
pressure was calculated based on the measured forces,
obtained from orthogonal cutting tests. The frictional heat was 
equally split between the tool and chip/workpiece, based on 
the heat partition coefficient (P) given by Eq. 2. Eq. 2 defines 
the fraction of heat (P) flowing into surface (1) when in 
contact with surface (2).
ܲ = ுభ
ுభାுమ
(2)
Where; ܪ = ඥ݇ ߩ ܿ௣, k is the thermal conductivity (W/m °C),
ȡ is the density (kg/m3) and cp is the specific heat capacity
(J/kg °C).
3.5. Workpiece material properties and chip generation
The physical properties of AZ31B-O were defined as 
functions of temperature, as obtained from [5]. Plasticity was 
modelled using the well-known Johnson–Cook (J–C) 
constitutive model, where Table 1 presents its parameters for 
AZ31B-O, as obtained from [21]. The melting and reference 
temperatures of AZ31B-O are 650 °C and 25 °C, respectively 
[21]. For chip separation, material failure was predicted based 
on the J-C cumulative damage law. The corresponding J-C
damage parameters (D1 – D5) for AZ31B-O were obtained 
from [21], and presented in Table 2. 
Table 1. AZ31B-O J-C constitutive model parameters [21].
A (MPa) B (MPa) n C ߝ଴ሶ (s-1) m
172 360.73 0.45592 0.092 1 0.95
Table 2. AZ31B-O J-C cumulative damage parameters (unit-less) [21].
D1 D2 D3 D4 D5
-0.35 0.6025 -0.4537 0.206 7.2
4. Results and Discussion
The current section presents the effects of cryogenic (Cryo) 
cooling on cutting forces, temperatures, shear angle, chip 
compression ratio (CCR) and material plastic deformation. 
Four cases have been examined; hcryo = 2, 20, 200, 2000 
kW/(m2 °C), which are referred to hereafter as h1, h2, h3, h4.
4.1. Cutting forces and edge-radius (rn) effects
Table 3 presents the predicted effects of rn on cutting (Fc)
and thrust force (Ft) components as well as maximum 
workpiece temperature (Tmax), during dry and cryogenic 
machining. For cryogenic conditions, h4 results are presented.
Experimental (Exp.) cutting forces are also presented, but no 
temperature measurements were performed. Experimentally, 
an increase in Fc and Ft was noticed with cryogenic 
conditions, which could be attributed to the slightly lower 
temperatures in the chip formation zone, as shown below. The 
increase in Fc was more significant when h = 0.2 mm. On the 
other hand, the increase in Ft was less obvious at higher h
values. Both FE models (rn    ȝP DQG rn    ȝP also 
predicted a slight increase in Fc with cryogenic cooling;
however, they both overestimated it especially the former. The 
over prediction of Fc could be attributed to the used J-C
constitutive and fracture model parameters, as well as the 
friction model. Both models also estimated a slight increase in 
Ft with cryogenic cooling, with a significant underestimation
by the latter and a slight overestimation by the former.
Table 3. Effect of cryogenic cooling and rn on forces and Tmax.
Case Parameter
h = 0.1 mm h = 0.2 mm
Dry Cryo Dry Cryo
Exp.
Fc (N/mm) 52 54 80 111
Ft (N/mm) 35 41 44 45
rn =
35 ȝP
Tmax (oC) 333 328 318 312
Fc (N/mm) 143 157 261 279
Ft (N/mm) 42 45 39 55
rn =
ȝP
Tmax (oC) 302 295 302 287
Fc (N/mm) 78 103 176 193
Ft (N/mm) 3 3 7 6
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Table 4 presents the effects of four different cryogenic 
cooling rates (h1 – h4) on Fc, for rn  ȝPDVDQH[DPSOHIn 
general, cryogenic cooling resulted in higher Fc, with no 
significant differences between different cooling rates. The 
only exception was when h = 0.1 mm, where h1 conditions had 
almost the same Fc as dry cutting.
Table 4. Effect of cryogenic cooling on predicted Fc (rn ȝP
h (mm) Dry Cryogenich1 h2 h3 h4
0.1 78 76 101 105 103
0.2 176 191 196 195 193
Fig. 3 shows the workpiece temperature distribution during 
h4 cryogenic cutting when h = 0.1 mm, as an example, for 
both rn values. No significant difference could be noticed in 
the chip formation zone; only a slight drop in Tmax (located in 
the secondary shear zone) was found with cryogenic cooling, 
as shown in Table 3. Also, slightly higher temperatures were 
generated in the machined surface with larger rn values.
However, as expected, this was limited to the region right 
underneath the tool tip and diminished with cryogenic cooling.
Finally, it is important to note that, the effects of cryogenic 
cooling on forces and temperatures followed the same trend 
regardless of rn. In other words, rn only altered the magnitude 
of change but did not change the trend. Accordingly, only the 
results of rn  ȝPDUHSUHVHQWHGEHORZ
Fig. 3. Effect of rn on workpiece temperature (h = 0.1 mm & h4 conditions).
4.2. Workpiece temperatures
The current section focuses on the effects of cryogenic 
cooling on workpiece temperatures. Fig. 4 shows the 
temperature distribution during cryogenic (h4) machining, for 
rn  ȝPDQGh = 0.1 mm, as an example. Fig. 5 (a) focuses 
on the temperature distribution in the cutting zone, for the 
same conditions. No significant differences could be found in 
the chip formation zone and tool-chip contact. The same trend 
was found for h = 0.2 mm. However, temperature contours are 
clearly different away from the chip generation region, 
particularly in the machined surface and tool flank face, as 
shown in Fig. 5 (b). It is important to note that, the 
insignificant effect of cryogenic cooling on the chip formation 
zone temperatures is attributed to where the LN2 jet was 
applied (clearance side), which limits its accessibility to that 
zone, as explained earlier. Moreover, the current model does 
not take into account the precooling effect from previous cuts.
Fig. 1. Temperature distribution (h4 conditions, rn  ȝP	h = 0.1 mm).
a) Chip formation zone
b) Machined surface away from tool tip
Fig. 2. Temperature distribution: (a) chip formation zone; (b) far from tool tip
(rn = 2 ȝm & h = 0.1 mm; note: dark grey region is below room temperature).
Table 5 presents the average temperature in the chip 
formation zone when rn  ȝP, where a maximum drop of 40
°C was achieved for the lower h value. However, insignificant 
change was noticed for the higher h value. The reason why 
cryogenic cooling effects were less evident at higher h values 
could be explained in terms of heat evacuation via chip 
movement. With higher h value, the chip is more capable of 
carrying away a larger portion of the generated heat. It is 
important to note that, one would expect lower temperatures 
when dry cutting using higher h because of the same reason.
Table 5. Average temperature (oC) of chip formation zone (rn  ȝP).
h (mm) Dry h1 h2 h3 h4
0.1 271 268 265 250 231
0.2 252 254 252 245 245
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The workpiece temperatures at tool–chip contact zone are 
presented in Fig. 6, which focuses on three temperatures; 1)
maximum, 2) start of contact (tool tip), and 3) end of contact. 
Slight drop in temperatures was noticed due to cryogenic 
cooling; such drop was more evident at the tool tip, which is 
the closest to the LN2 jet.
Finally, Fig. 7 presents the workpiece temperature 
distribution right underneath the tool tip. Cooling effects were 
found to be limited to the near-VXUIDFH OD\HU DERXWȝP
with a maximum drop of about 30 °C. The limited temperature 
drop is mainly attributed to the assumed delay time when 
applying cryogenic cooling effects, which is equivalent to a 
length of  ȝP, as explained earlier. Cryogenic 
temperatures were clearly achieved far from the tool tip, at a 
GLVWDQFHODUJHUWKDQȝPas shown in Fig. 4 and Fig. 5 (b).
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4.3. CCR, shear angle and tool-chip contact length
The chip-tool contact length (lc) was predicted for different 
cases, and was found to slightly decrease with cooling effects
for both rn values. This was more evident with higher h
values, and could be attributed to the slightly lower 
temperatures along the tool rake face that would result in a 
smaller sticking region. The experimental lc value was 
calculated based on the chip compression ratio (CCR), as per 
Eq. 3 for CCR < 4 [20], which is the current case. It was also 
predicted by the models. The shear angle (ĭ) was calculated 
using Eq. 4ZKHUHȖLVWKHnormal rake angle.
݈௖ = ݐଵ כ  ܥܥܴଵ.ହ          (3)
ݐܽ݊(׎) = ௖௢௦(ఊ)
஼஼ோି௦௜௡(ఊ)                                      (4)
Table 6 summarizes the current results of lc, CCR and ĭ for
rn   ȝP, as an example. As shown, cryogenic cooling did 
not have clear effects on ĭ. For h = 0.1 mm, ĭ started to 
decrease with cooling, and finally increased for h4 conditions. 
The opposite took place for h = 0.2 mm. No clear reason could 
be found, and such differences could be due to numerical 
errors. Nevertheless, the predicted ĭ values are close to those 
found experimentally, and those reported in [1].
Table 6. Chip-tool contact length, CCR and shear angle (ĭ).
h
(mm) Item
Exp. FEM
Dry Cryo Dry
Cryo
h1 h2 h3 h4
0.1
lc (mm) 0.18 0.19 0.21 0.17 0.18 0.18 0.19
CCR 1.48 1.55 1.70 1.80 1.85 1.85 1.60
ĭ (o) 35.6 34.3 31.7 30.2 29.5 29.5 33.4
0.2
lc (mm) N/A N/A 0.39 0.39 0.36 0.31 0.32
CCR N/A N/A 1.85 1.60 1.65 1.80 1.75
ĭ (o) N/A N/A 29.5 33.4 32.5 30.2 30.9
It is important to note that, the current model could not 
fully predict chip segmentation, which was the case 
experimentally. Even though signs of segmentation initiation 
were very obvious, as shown in Fig. 8, the process was not 
fully predicted. This could be attributed to the used fracture 
model, which may require future improvements.
Fig. 5. Plastic shear strain (rn  ȝP h = 0.2 mm & h4 conditions).
4.4. Material plastic deformation
Examining the effects of cryogenic cooling on plastic 
deformation in different regions, no significant effects were 
found in the chip formation zone and along the tool-chip 
contact area. This is attributed to the limited effects on 
temperature distribution in both regions. On the other hand,
cryogenic cooling affected the plastic strain distribution in the 
machined surface. Table 7 presents the plastic strain in 
cutting direction (PE11) and temperature (Tsurface) of the 
machined surface, at different distances from the tool tip (as 
indicated by the arrow in Fig. 8). For a better evaluation, 
UHVXOWV ZHUH DYHUDJHG RYHU GLVWDQFHV RI  ȝP $V VKRZQ,
cryogenic cooling resulted in higher tensile PE11. It is worth 
mentioning that, the opposite took place right underneath the 
269 Mohamed N.A. Nasr and J.C. Outeiro /  Procedia CIRP  31 ( 2015 )  264 – 269 
tool; however, cooling effects were not effective in that 
region, as explained earlier.
Table 7. Cryogenic effects (h4) on Tsurface and PE11 (rn  ȝPh = 0.2 mm).
Distance from tool 
tip (see Fig. 8)
Dry conditions Cryogenic h4 conditions
Tsurface (oC) PE11 Tsurface (oC) PE11
1st ȝP 150 0.010 95 0.003
2nd ȝP 100 - 0.018 - 50 0.012
5. Conclusions and Outlook
A sensitivity analysis has been performed on how 
cryogenic cooling affects the machining of Mg alloy AZ31B-
O; however, precooling effects (from previous cuts) were not 
considered. FEM has been used, where different values have 
been assigned to the cryogenic convection coefficient of heat 
transfer (hcryo), covering the range from 2 kW/(m2°C) to 2000 
kW/(m2°C). Based on the current results, the following 
conclusions were drawn.
1.Cryogenic cooling results in lower machined surface and 
tool rake temperatures. This is basically attributed to the fact 
that the cooling LN2 jet is applied to the clearance side;
2.Cryogenic cooling results in a slightly shorter chip-tool 
contact length, which could be attributed to the slightly 
lower tool temperatures that would result in a smaller 
sticking region;
3.The effect of cryogenic cooling on shear angle is not very 
clear;
4.Cryogenic cooling tends to induce higher tensile plastic
strain in the machined surface;
5.Cryogenic machining generates slightly higher cutting 
forces. This is attributed to the slightly lower primary shear 
zone temperatures; i.e., less softening effects;
6.As the magnitude of hcryo increases (within the studied 
range), the following was found: a) the temperature of the 
machined surface dropped significantly, but that in the chip 
formation zone only slightly dropped; b) the shear angle and 
chip compression ratio showed no significant change; c) the 
contact length was almost unaffected for the small uncut 
chip thickness (0.1 mm), but it decreased for the large uncut 
chip thickness (0.2 mm); and finally, d) the cutting force 
component slightly dropped. Therefore, it could be 
concluded that the value of hcryo has insignificant effects on 
the cutting mechanics per se; however, it would have strong 
effects on surface integrity.
An improved model is to be developed in order to better 
simulate the process, and better predict chip segmentation.
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